To answer this question, the initial interactions between biomaterial surfaces and the biological system, shown schematically in figure 1 as a function of time, have to be discussed. Starting with the adsorption of water molecules and inorganic ions within fractions of a second, the biomaterial surface will immediately be covered by a protein adsorption layer (PAL). As schematically indicated in the figure the composition of this layer will follow a temporal order, starting with the adsorption of small, highly moveable proteins, and ending with a coating from larger proteins having replaced the initially adsorbed ones according to the Vroman effect (2, 54-56) . Only following this process, which occurs already during surgery, will cells adhere to the -already protein-coated -surface of the biomaterial. Together with this situation two points have to be considered. Firstly, the composition of the PAL and the spectrum of conformational states of the proteins within the PAL are a func- 
tion of the physico-chemical properties of the biomaterial's surface (indicated by the lower rectangle in the right part of figure 1). Secondly, the 'recognition' of the surface of a biomaterial by cells is always only mediated by these PALs (indicated by the top rectangle in the right part of figure 1 ). Major aspects of the physico-chemical properties mentioned above are parameters such as the surface charge and energy, the strength of the electric field in the interface, and the extent of the electronic conductivity of the biomaterial's surface. The resulting spectrum of conformational states (ranging from slight conformational changes to complete denaturation) is influenced not only by these parameters, but additionally by the properties of the adsorbed protein itself, especially its conformational and redox stability. However -irrespective of the specific properties of the biomaterial's surface -conformational changes of components of the PAL have to be considered as a possible negative influence on the body's response to the biomaterial (surface) due to immunological reactions to 'sufficiently' denatured proteins in general. To overcome this disadvantageous situation by tailoring the biomaterial's surface properties in a cell and tissue specific manner is one of the major goals of the bio surface-engineering (BioSE) strategy. This course of action can be traced back e.g. to the first attempts to coat implant surfaces for contact with bone with calcium phosphate phases (CPP) (14, 26, 60) aiming at accelerated and improved healing behaviour. However, besides using a variety of coating systems from inorganic and/or organic components, BioSE can be realised by a number of different approaches. Using organic components two fundamentally different strategies can be chosen as illustrated schematically in figure 2. While the strategy given in figure 2 (a) focusses on an almost complete prevention of protein adsorption e.g. by the formation of a first layer from polyethylenglycol (PEG) or other neutral and hydrophilic polymers, (1, 3, 19, 35, 36) the methodology shown in figure 2 (b) starts with the immobilization of a highly conformational stable (structural) protein on the biomaterial's surface. Whereas cell adhesion sequences are already included in that basic layer, the first method mentioned, following the idea of preventing protein adsorption, necessarily has to continue with a second step/layer to enable/trigger cell adhesion, which will only scarcely occur on the PEG-coatings used for the first layer. In contrast, the second method will not the prevent adsorption of proteins from body liquids, however these proteins will adsorb on a surface already covered with protein. Thus only protein/protein interactions, which will not result in unphysiological conformational changes, come into play. A precondition for this concept to work is however, that the pre-formed PAL from selected structural proteins will not be replaced by proteins from body liquids, i.e. that the Vroman effect can be 'turned off' in this respect. How this can be realised will be discussed below in the chapter Methods to be used for bio surface-engineering. After the 'preventative' aspect discussed above the second methodology brings us to the 'promoting' aspect of BioSE, which, in modern terminology, can be considered as the application of the principles of matrix engineering to biomaterials surfaces (27, 28) .
Components to be used for bio surface-engineering
This part will focus only on components to be used for the promoting aspect of BioSE with special attention on implant surfaces for contact with bone tissue. From a general point of view, all (inorganic and organic) components of the extracellular matrix (ECM) of bone are of interest in this part. However for the sake of simplicity and practicability, it seems reasonable to limit oneself to easily accessible major components of the ECM, i.e. CPP, structural proteins, proteoglycans (PGs) and model molecules derived thereof. Of special importance within the last group mentioned are adhesion peptides, glycosaminoglycans (GAGs) and derivatives thereof as larger model molecules mimicking components of the native ECM. In the field of adhesion peptides, besides linear and cyclic RGDsequences, currently more complex sequences addressing specific integrin receptors show advantages, because they allow a selective adhesion of specific cell types (39) . For more complex coatings/matrices from structural proteins and GAGs it has to be emphasized that in comparison to the use of PGs a much lower immunogenecity of the resulting matrices is to be expected because only the PGs' sugar part is used. A major reason for the application of PGs (and model compounds derived thereof) is that they are known to act as interaction partners/binding partners for growth factors and other chemokines (both groups of compounds will be summarized as mediators in the ARBEITEN ORIGINAL Dieter Scharnweber: Bio surface-engineering of titanium materials following text) in native tissues. These interactions are driven both by the protein backbone of PGs (such as for the interaction of decorin with TGF-β (18, 45, 50) ) and by the GAG part of the PGs. Thus reduction to GAGs will result in some limitations with respect to interaction potential with mediator molecules. However GAGs are of special interest, because derivatization reactions allow the modification or even tailoring of their interaction profiles over a wide range, a topic which is still in its early stages (11, 12, 21, 37) . For completeness, coatings mimicking the native ECM of bone by mineralized collageneous structures also have to be addressed (41) . The challenge here is to immobilize structures, which are more common as 3-dimensional substrates, on biomaterials surfaces.
Methods to be used for bio surface-engineering
Processes -as well as their advantages and disadvantagesused to immobilize mostly organic components for bio surface-engineering of biomaterials surfaces in general are summarized in Table 1 . Besides the nanomechanical fixation method, which will be described in detail later in this chapter, the other methods of table 1 are not limited to titanium based (or, more generally, valve metal based) materials. Bio-SE coatings of different compositions and prepared by various methods discussed in the following text have been tested in animal models with respect to their osteoconductive undinductive potential (e.g. in Schliephake et al. in this issue).
Methods for preparation of coatings from CPP
Although the high energy techniques discussed in the following text are not covered by table 1, methods for the preparation of coatings from CPP have to be discussed here, because of their wide application and potential for titanium-based implants in contact with bone. For preparation of such coatings thermal spray techniques (48, 49) which are already applied on an industrial level, PVD (25) , and magnetron sputtering (25, 33, 52, 59) can be summarized as one group of methods because of the high energy input and its consequences for the properties of the resulting layers. Biomimetic low energy methods involve the formation of coatings by exposure to simulated body fluids showing a sufficient relative supersaturation resulting in spontaneous heterogeneous nucleation of CPP on the substrate surface (9) and electrochemically assisted deposition (ECAD) (40, 42, 46) , which dates back to 1990 and results in coatings of nano-crystalline hydroxyapatite in more recent papers. The ECAD method uses electrolytes of lower supersaturation and is based on a local increase of the pH due to cathodic polarization of the substrate to achieve the deposition of CPP. Thus, because of the electrochemical polarization required, the process is limited to electrically conductive materials or at least related surface coatings. An additional, highly interesting, novel technique for preparation of CPP coatings has been developed by J. Jansen and his group recently (23, 47) and is described in the paper by Leeuwenburgh et al. in this issue. A special point of interest with CPP coatings is, that the deposited phases, their chemical behaviour (degradation rate), the specific surface and morphology highly depend on the deposition method. With that point in mind, biomimetic low energy processes show the general advantage, that the deposited CPP are much closer to the mineral phase of bone in their behaviour than CPP deposited by high energy processes.
Immobilization based on Adsorption/Physisorption
The use of adsorption/physisorption for immobilization of organic components -the discussion will focus on proteins here -is in general a very simple and cheap method to immobilize 'something' on a biomaterials surface. Additionally it can be performed after sterilization of the biomaterial/implant immediately before surgery and would thus allow the adsorptive immobilization of components which would otherwise lose their biological activity during sterilization. However, these positive points are accompanied by various serious disadvantages. Firstly, the stability of adsorptively immobilized protein layers on biomaterial surfaces follows the Vroman effect, meaning that proteins that would be replaced by serum proteins cannot be immobilized in a stable way. Furthermore, the delivery behaviour of the adsorptively bound coating cannot be affected anyway under these conditions. Secondly, as already discussed for the formation of PAL, adsorption itself may cause conformational changes of the respective protein and thus change its biological activity profile. There is however a positive 'but' in this area, also based on the Vroman effect. To explain this, a distinction between globular and fibrillar proteins has to be introduced. From the Vroman effect the conclusion can be drawn that the stability of a pre-formed PAL will be influenced by the surface/volume ratio of the proteins used. Thus coatings stable under in vivo conditions against competitive adsorption of proteins from body liquids (which are in general globular proteins) will be available from adsorptive immobilization of fibrillar proteins or model molecules derived thereof as discussed by WolfBrandstetter in this issue. This strategy has been successfully applied by our group for the stable adsorptive immobilization of fibrillar collagens types I to III (4-6, 13), whereas the group of M. Textor (10, 31, 57) has developed a system based on poly(L-lysine) as a model molecule, which is mostly used grafted to PEG and, in order to promote cell adhesion, to adhesion peptide sequences (53) . While the stability of the resulting coatings is excellent for both systems under physiological in vivo conditions, the underlying basic interaction mechanisms are quite different. For collagen, the stability of the coatings on titanium does not depend on the pH and with that the surface charge of both the substrate and the protein, because adsorption is mainly caused by hydrophobic interactions (however too low pH values will result in a dissolution of fibrils not stabilized by covalent cross-links). For poly(L-lysine), which also can be envisaged as a poly-cation, electrostatic interaction plays a dominant role in the stability of the adsorption layers and consequently the stability of the coatings decreases on ORIGINAL ARBEITEN Dieter Scharnweber: Bio surface-engineering of titanium materials Figure 2 : Different strategies used for BioSE: (above) with focus on complete prevention of protein adsorption; (below) with basic layer from highly conformational stable (structural) protein non-or positive-charged substrate surfaces, which is the case for pH-values below 4.5 for the oxide layers on a number of titanium based materials (41) .
Immobilization based on covalent coupling
Covalent coupling, especially using silanes, is widely used for the immobilization of biologically active molecules on different types of biomaterial surfaces but also for the preparation of a variety of sensor surfaces (17, 51) and DNA-arrays (29) . It has been successfully applied to surfaces of titanium-based materials by various groups to immobilize adhesion peptide sequences (58), globular (34) and structural proteins (32) or enzymes (34) (s. the paper of Müller et al. in this issue). The advantages of the method are based on the almost stable fixation of the immobilized molecules, combined with the preservation of the immobilized molecules' biological activity if used with linkers/spacers of sufficient length. There are a number of associated disadvantages. Besides the complex multistep procedures required for immobilization, especially for titanium oxide-based surfaces, three other main drawbacks have to be mentioned. Firstly, for clinical use the biologically active molecules of choice will have to be immobilized before sterilization. Thus only molecules that maintain their biological stability during sterilization can be applied. Secondly, it is extremely difficult to immobilize several molecules in a defined way on one surface. Finally, the inherent positive aspect of the covalent stable fixation, may be a drawback, if a defined release of the biologically molecules from the surface is needed, e.g. for the generation of concentration gradients.
Immobilization based on nanomechanical fixation
This method is based on specific properties of anodic oxide layers on valve metal-based alloys, i.e. their low electronic conductivity which allows the thickness of these layers to be increased by anodic polarization. For titanium-based materials anodic polarization results in a thickening of the total oxide layer by about 2 nm/V (22) and is nearly equally allocated to oxide growth in the interfaces metal/oxide and oxide/electrolyte. While oxide growth in the former is based on the migration of oxygen ions trough the existing oxide layer, formation of oxide in the interface oxide/electrolyte occurs by oxide formation due to hydrolysis of titanium ions with components of the electrolyte. A number of electrochemical and surface analytical investigations (15, 22, 43, 44) have shown that this type of oxide growth is associated with the incorporation of electrolyte ions, especially anions, in the newly formed oxide. The challenge for work in our group was to extend this incorporation to a regio-selective entrapment of large biologically active molecules and even particles. The application of the method to the immobilization of bi-functional molecules with phosphonate anchor groups and a cyclic RGD-peptide as the biologically active head group is discussed in a paper by Beutner et al. in this issue. The principle of using nanomechanical fixation for the partial incorporation of nanoscopic crystals of hydroxyapatite (HAP) is given in figure 3 , while results of SEM investigations of respective surfaces are shown in figure 4. For these investigations ECAD HAP layers were prepared (i) on top of anodic oxide layers formed in the galvanostatic mode with an final voltage of 60 V SCE (figure 4 a) and (ii) on air-formed oxide layers and followed by an anodic polarization with the same parameters as for the oxide layer in (i) (figure 4 b) . While the typical morphology of the anodic oxide layer is envisaged in SEM images after the dissolution of the HAP for the sequence (i), images for the sequence (ii) clearly show imprints of HAP crystallites in the anodic oxide layer. As could be shown in additional investigations methodology (ii) results in two positive ef- 
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Immobilization by specific biological interactions
Using specific biological interactions for the immobilization of small amounts of biologically active molecules in matrices is a principle widely used in the design of the native ECM. One simple example is the molecule fibronectin, which shows specific binding sequences for both collagen type I as a major component of the native ECM in a number of different tissues, and integrin receptors and so acts as a major protein for the mediation of cell adhesion to ECMs. The composition and architecture of the native ECM are known to correspond very closely to the status of the given tissue, which can be used in the field of matrix engineering to trigger cellular reactions like differentiation and tissue formation by specifically designed microenvironments either from (recombinant) components of the ECM or from model molecules (4, 28) . One aspect in this field, which is being investigated by a growing number of research groups, is to use interactions between growth factors, interleukins, and other chemokines with major components of the ECM, to accumulate and stabilize these factors and present them to cells but also, if required, to inactivate them by the same type of interactions. Top candidates in this type of research are GAGs, because of their relatively low immunogenetic potential and the wide variety of molecular parameters that can be adjusted to tailor the interactions with the factors mentioned above. Sulphation density and pattern, but also the type and position of other functional groups are just some of the molecular parameters of interest, (7, 61) . The main advantage of this strategy is that mediator molecules can be immobilized based on native interaction profiles to pre-formed (and sterilized) PAL which should result in near native biological activity profiles of these mediators.
A different, but related strategy is to use the well known streptavidin (a small bacterial protein)-biotin (a vitamin) combination to link (biologically active) molecules together and to surfaces (8, 20, 24, 38) . However in this case the molecule pair showing the specific interactions is not part of the native system but additionally introduced to achieve the interactions. To use the system for immobilization of biologically active molecules directly on biomaterials surfaces a second reaction system (e.g. covalent coupling) has to be used to bind one of the reaction partners to the surface. Thus the system overcomes some of the drawbacks of the 'just covalent coupling' principle because it allows (i) more than one type of molecule to be immobilized on one surface and (ii) to achieve some release.
Immobilization by nucleic acid hybridization
The streptavidin/biotin system provides the connection to a more detailed discussion of the demands for the immobilization of biologically active molecules to biomaterial surfaces not yet fulfilled by existing immobilization methods. As shown in the discussion of the immobilization methods so far, currently no method is available that combines simple and patient-specific applicability to surfaces already sterilized with the possibility of immobilising one or more biologically active molecules with defined and variable release kinetics.
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HAP Crystals
Starting from this point, we have developed an immobilization method based on the self assembly of nucleic acids (NA) as shown schematically in figure 5 . Single or semi-single (not shown) strands are immobilized in a first step on the biomaterial's surface by covalent coupling or by nanomechanical fixation for valve metal-based materials. For nanomechanical fixation the challenge to be overcome was to realise region-selective immobilization of the anchor strands such that only one defined terminus of the NA is incorporated in the growing anodic oxide layer in order to maintain full hybridization ability. In analogy to the nanomechanical fixation of bi-functional peptide-sequences (s. the paper of Beutner et al. in this issue) this has been achieved by terminal phosphorylation which introduces a primary phosphate group which more acidic than the phosphate of the NA backbone. Thus electrostatically driven and therefore regioselective adsorption on titanium oxide layers can be realised in a pH-region around pH 4, where only the primary terminal phosphate group of the NA is (still) negatively charged and the titanium oxide surface is (still) positively charged (30) . Because of the sufficient stability of NA, the resulting surface state can easily be sterilized by gamma-irradiation and will allow immobilization of biologically active molecules conjugated to complementary strands in a second step (30) . The additional advantage compared to the streptavidin/biotin system is that due to the variability of the length and sequence (including possible mismatches) of the double stranded part, the stability of the immobilization system can be tuned. This is shown schematically in figure 5 with the three different strands giving increased stability from the left to the right part of the figure.
The application of the nanomechanical immobilization principle to NA has recently been used for the direct fixation of cell-adhesion promoting aptamers on titanium based materials (16) .
Outlook
From the use of aptamers for BioSE arises the vision that tailoring specific biochemical surface properties of biomaterials will be possible in the near future based on simple fully synthetic building blocks without using synthetic peptides or recombinant proteins. Together with GAG-based structures this should enable the creation of biomaterial surfaces that interact not only directly with cells (via integrin receptors in a comparable fashion to interactions with adhesion sequences of components of the ECM). With their GAG-based structures they will be able to bind/accumulate various mediators and thereby influence their bioactivity. These molecules can then be presented to cells (indirect interaction). Such surfaces will be able to moderate healing processes in various tissues for applications in healthy but also multi-morbid patients and to steer stem cell behaviour specifically when applied in tissue engineering and regenerative medicine.
Abstract
Starting with the initial interactions in the interface biomaterial/biological system, the methodology of Bio Surface-Engineering (BioSE) for designing defined biochemical surface properties of biomaterials is described with the main focus on titanium-based materials. Two different strategies of BioSE are discussed. This leads on to a discussion of the main components used for BioSE and methods used for their immobilization.
With adsorption and covalent coupling as the classical immobilization methods, more complex artificial extracellular matrices using proteoglycans or glycosaminoglycans as additional components aiming at biomimetic interaction with growth factors and chemokines are discussed, making defined interactions with healing processes possible. Nanomechanical fixation in anodic oxide layers is introduced as a promising immobilization method developed specifically for titanium-based materials. The method's potential is shown ARBEITEN ORIGINAL Dieter Scharnweber: Bio surface-engineering of titanium materials Appointment to Privatdozent for "Bio Surface-Engineering" at TU Dresden in combination with its application to nucleic acids either (i) using their hybridization for immobilization of specific biologically active molecules or (ii) using nucleic acids themselves in the form of aptamers for direct interaction with cells.
